The study of exotic nuclei-nuclei with the ratio of neutron number N to proton number Z deviating much from that of those found in nature-is at the forefront of nuclear physics research because it can not only reveal novel nuclear properties and thus enrich our knowledge of atomic nuclei, but also help us to understand the origin of chemical elements in the nucleosynthesis. With the development of radioactive ion beam facilities around the world, more and more unstable nuclei become experimentally accessible. Many exotic nuclear phenomena have been observed or predicted in nuclei far from the β -stability line, such as neutron or proton halos, the shell evolution and changes of nuclear magic numbers, the island of inversion, soft-dipole excitations, clustering effects, new radioactivities, giant neutron halos, the shape decoupling between core and valence nucleons in deformed halo nuclei, etc. In this contribution, I will present a review of theoretical study of exotic nuclear structure. I will first introduce characteristic features and new physics connected with exotic nuclear phenomena: the weakly-bound feature, the large-spatial extension in halo nuclei, deformation effects in halo nuclei, the shell evolution, new radioactivities and clustering effects. Then I will highlight some recent progresses corresponding to these features.
Introduction
In nature, there are less than three hundred stable or long-lived nuclides which are along the valley of stability in the nuclear chart. When those unstable nuclei, the number is now close to three thousand [1] , are explored, many exotic nuclear phenomena have been observed. The most famous exotic nucleus is 11 Li in which the halo structure was identified [2] . Theoretically, many more nuclei are predicted to be bound. In Fig. 1 is shown the prediction from the Weiszacker-Skyrme (WS4) mass model [3] which is one of the best nuclear mass models on the market. Many other models, e.g., non-relativistic [4] and relativistic density functional theories [5, 6, 7] have also been used to explore the border of nuclear chart. Nowadays, the study of the properties of these exotic nuclei is at the forefront of nuclear physics research because it can not only reveal new physics but also lead to new insights on the nucleosynthesis. [8, 9, 10] and those predicted by the Weiszacker-Skyrme (WS4) mass model [3] . Courtesy of Ning Wang.
In this contribution, I will first discuss the physics connected with exotic nuclear phenomena in Section 2. According to my personal point of view, six features will be illustrated concerning exotic nuclear structure. Then I'll highlight some recent progresses corresponding to each of these features in Section 3. Finally I will discuss perspectives in Section 4.
Physics in exotic nuclear structure
The first important characteristic of exotic nuclei is certainly the weakly-bound feature. In unstable nuclei, particularly in those close to drip lines, e.g., to the neutron drip line, the neutron Fermi surface is very close to the threshold, as seen in Fig. 2(a) [11, 12] . Therefore the contribution from continua becomes more and more important. In Fig. 2(b) , the neutron separation energy S n , equivalent to the neutron Fermi energy, is shown schematically as a function of neutron number [13, 14] . Larger neutron excess results in smaller S n , i.e., the valence neutron(s) is (are) more easily knocked out and the nucleus is more easily coupled to the scattering environment, thus making exotic nuclei open quantum systems which are very much involved in the studies of nuclear reactions and nucleosynthesis. Halo nuclei are characterized by a large spatial extension, see Fig. 2 (c) for an example for 11 Li [15] . In neutron halo nuclei, there appears pure neutron matter with a very low density, surrounding a dense core [11, 12, 15, 20] . Similar to what happens in low density infinite nuclear matter or neutron matter [21, 22, 23] , pair condensate or strong di-neutron correlations may occur in finite nuclei with halo structure [ Fig. 2(d) ] [16, 24] . In addition, the oscillation between the core and the low density neutron matter leads to some soft dipole modes, also known as pygmy dipole resonances, which have been discussed a lot in INPC2016. Experimentally these features have been explored in, e.g., Refs. [25, 26] .
Most known nuclei are deformed [27] . What kind of new features can deformation effects bring to exotic nuclei, in particular, to halo nuclei? Note that in recent years, more candidates of deformed halo nuclei have been identified; examples are 31 Ne [28] and 37 Mg [29] . For deformation effects in halo nuclei, I will focus on theoretical predictions on the shape decoupling [ Fig. 2 Shell structure is very important in the study of atomic nuclei which is characterized by large spin-orbit couplings. The spin-orbit couplings are closely connected with the nuclear surface diffuseness. It is therefore very natural that the spin-orbit splitting would change when going from the β -stability line to the drip lines because the nuclear surface could be more diffuse [ Fig. 2 (g)] [13] . This results in the shell evolution in exotic nuclei and changes of nuclear magicity which can be hinted from, e.g., separation energies [34] . Certainly the shell evolution is also the result of many other important factors, like the tensor force [35, 36, 37, 38, 39] . It should be emphasized that shape evolution and shape coexistence are also related physical topics of exotic nuclei, which were discussed in a dedicated session in INPC2016.
Beyond the drip lines, nuclei are unbound with respect to nucleon(s) emission. This feature implies some new radioactivities of which mostly discussed are one-or two-proton radioactivities, thanks to the Coulomb interaction which leads to a Coulomb barrier hindering the escape of proton(s) from the parent nucleus [ Fig. 2(h) ] [17, 40, 41, 42, 43, 44] . Beyond the neutron drip line, there may be the two-neutron radioactivity; one example of recent interests is 26 O [45, 46, 47] .
It is well known that clustering effects are important in atomic nuclei and cluster structure appears in some stable ones if they are excited to be close to some thresholds [48] . In exotic nuclei, clustering effects can also emerge in low-lying excited states and even in ground states. For exotic nuclei with much more neutrons, a cluster configuration is energetically more favored because it permits a more even distribution of valence neutrons as shown in Fig. 2(i) [18] . In one recent experimental study of 12 Be, a 0 + resonant state with a large cluster decay branching ratio was observed [49] . This observation supports strong clustering effects in 12 Be. In addition, in some halo nuclei, there appears the so called "Borromean" structure, which is shown in Fig. 2(j) [19]-a bound three-body system with any two-body subsystems unbound.
Highlights of recent progresses
Next I will highlight some recent progresses on theoretical study of exotic nuclear structure. There are indeed many interesting and important works, but I can only choose some of them due to the limitation of pages. More extensive discussions can be found in Ref. [50] .
The weakly bound feature of exotic nuclei
Many models have been developed to take into account the contribution of continua and resonances, see, e.g., Refs. [12, 24, 51, 52, 53] for recent reviews. There are many ways to locate single particle resonances. Besides the conventional scattering phase shift method [54] , several bound-state-like approaches [55, 56] , such as the analytical continuation in coupling constant [57, 58, 59, 60, 61, 62] , the real stabilization method [63, 64, 65] and the complex scaling method (CSM) [66, 67, 68, 69] , are often used to study single particle resonances in atomic nuclei. Several other methods, e.g., the Jost function method [70, 71] , the Green's function method [72, 73] , the Green's function + CSM [69, 74] , and solving Schrödinger or Dirac equations in the complex momentum representation [75, 76] , have also been implemented in nuclear models.
For describing the contribution from the continua in the mean field level, the conventional BCS method suffers from some problems. One of them is the non-localization of nucleon density distributions [77, 78] . One way to solve partly this problem is to use the resonance BCS (rBCS) approach [79, 80, 81] : After single particle resonances are located, their contribution can be taken into account through the BCS approximation. It was also justified that if one, instead of using the conventional BCS approximation, makes Bogoliubov transformation and solves the Hartree-FockBogoliubov (HFB) equations in r space, the contribution from continua can be included properly and the nucleus in question is localized [77, 78] . Since then, the HFB models have been developed for spherical nuclei with continuum either discretized [78, 82, 83, 84] or treated with scattering boundary conditions [85, 86, 87] . The HFB model was also extended to the study of deformed nuclei [32, 33, 88] . In parallel, the relativistic Hartree-Bogoliubov (RHB) or relativistic HFB models were established for spherical [15, 89, 90, 91] and deformed exotic nuclei including halos [30, 31, 92, 93] .
Deformation effects in nuclear halos
Based on the deformed RHB model in a Woods-Saxon basis [94] , shape decoupling effects have been predicted in 42, 44 Mg [30, 31] : The core of these nuclei is prolate, but the halo has an oblate shape. The generic conditions for the occurrence of halo in deformed nuclei and shape decoupling effects were given in Ref. [30] . Later, with a non-relativistic HFB model, Pei et al. predicted that 38 Ne has a nearly spherical core, but a prolate halo [32, 33] . Similar effects has been investigated in Ref. [95] in which a square well potential was used and the spin-orbit coupling was neglected. These predictions are made for the ground state. It would be interesting to study dynamics and excitations of these deformed halo nuclei [96] .
Di-neutron correlations
Concerning di-neutron correlations, progresses in recent years include the study of Cooper pairs [97] , di-neutron correlations [98] , di-proton correlations [99] , neutron-proton correlations [100] , and so on. For example, the asymptotic form of a neutron Cooper pair penetrating to the exterior of the nuclear surface was investigated with the Bogoliubov theory in Ref. [97] . It was found that Cooper pairs are spatially correlated in the asymptotic large distance limit, and the penetration length of the pair condensate is universally governed by the two-neutron separation energy.
There are also lots of theoretical investigations on the soft dipole modes [101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111] . In Ref. [105] , a systematic study with canonical basis time dependent HFB theory reveals a number of characteristic features of the low-energy E1 modes, e.g., a universal behavior in the low-energy E1 modes for heavy neutron-rich isotopes, which suggests the emergence of decoupled E1 peaks beyond N = 82.
The shell evolution
It is interesting and instructive to choose the Ca isotope chain as an example to discuss the evolution of shell structure and changes of magicity because there might be five magic numbers in the Ca isotopes. In Ref. [112] , from the measured mass of 53, 54 Ca, a prominent shell closure at N = 32 was established. This shell closure was later confirmed together with a new one at N = 34, indicated by the fact that the energy of the first 2 + state for 52, 54 Ca rises dramatically [113] . Recently the magicity of N = 32 was shown to persist in Sc isotopes [114] . The appearance of the shell closures at N = 32 and 34 have been attributed to the evolution of neutron f 5/2 orbital, which rises due to a weakened proton-neutron interaction when Z decreases to 20 [113] .
Theoretically there have been many investigations on the magicity of N = 32 and/or 34 [115, 116, 117, 118] . For example, it has been shown in Ref. [115] that the like-particle tensor contribution is responsible for these new shell closures and in Ref. [118] , the importance of exchange terms in relativistic framework on these shell closures was emphasized. However, a recent precise measurement of charge radii in Ca isotopes [119] casts some doubts on the magicity at N = 32. If 52 Ca is doubly magic, its charge radius should be smaller than that of its neighbors. But this is not the case [119] . Therefore nuclear magicity in exotic nuclei may be "local" in the sense that it manifests itself in some nuclear properties but not in others, contrast to those traditional magic numbers which are "global" or robust and manifest themselves in "all" nuclear properties, e.g., separation energies, charge radii, Q values of α decays, etc.
New radioactivities
For new radioactivity, without going into details, I'd like to mention that there have been some systematic studies with the HFB model [120] and predictions were also made with the relativistic continuum Hartree-Bogoliubov model [121] .
Clustering effects
There have been many interesting results concerning the theoretical study of clustering effects in atomic nuclei. For example, a non-localized or container picture was proposed for cluster structure [122] , giant dipole resonances were argued to be a fingerprint of cluster structure [123] , one-dimensional α condensation of α-linear-chain states in 12 C and 16 O were studied [124] and rod-shaped nuclei were explored at extremely high spin and isospin [125] .
One more thing about clustering effects is that from radius-constrained mean field calculations, regardless of non-relativistic [126] or relativistic models [127, 128] , one can also obtain the cluster structure. However, in such kind of studies, one has to take a serious care of the truncation of the basis and to ensure a convergence [129] .
Concluding remarks and perspectives
To summarize, after introducing the following characteristic features and new physics connected with exotic nuclear phenomena: the weakly-bound feature, the large-spatial extension in halo nuclei, deformation effects in halo nuclei, the shell evolution, new radioactivities and clustering effects, I have highlighted some recent progresses corresponding to these features.
It should be emphasized that to describe the structure of exotic nuclei, one often needs to modify conventional nuclear models or develop new theoretical approaches. Nowadays, there are many attempts to unify nuclear models. For example, with the fast development of supercomputers, ab initio theories can deal with heavier and heavier nuclei, as discussed in Ekström and Bacca's talks. Besides that, there are also projects to develop density functional theories from first principles [130, 131] (also mentioned in Liang's plenary talk) or models based on subnucleon degrees of freedom [132] .
In his talk, Nazarewicz has put atomic nuclei on a table with three pillars. This table would not be stable if it had only two pillars, only theory and simulations. We need experiments and experimental facilities. With the development of radioactive ion beam facilities around the world, including the High Intensity heavy ion Accelerator Facility (HIAF) in Huizhou, China [133, 134] and Beijing Isotope-Separation-On-Line Neutron-Rich Beam Facility (BISOL) [135] , more unstable nuclei would become experimentally accessible, which will for sure challenge as well as provide opportunities for theoretical study of exotic nuclear structure.
